activated protein kinase (AMPK) was recently suggested to regulate pyruvate dehydrogenase (PDH) activity and thus pyruvate entry into the mitochondrion. We aimed to provide evidence for a direct link between AMPK and PDH in resting and metabolically challenged (exercised) skeletal muscle. Compared with rest, treadmill running increased AMPK␣1 activity in ␣2KO mice (90%, P Ͻ 0.01) and increased AMPK␣2 activity in wild-type (WT) mice (110%, P Ͻ 0.05), leading to increased AMPK␣ Thr 172 (WT: 40%, ␣2KO: 100%, P Ͻ 0.01) and ACC␤ Ser 227 phosphorylation (WT: 70%, ␣2KO: 210%, P Ͻ 0.01). Compared with rest, exercise significantly induced PDH-E1␣ site 1 (WT: 20%, ␣2KO: 62%, P Ͻ 0.01) and site 2 (only ␣2KO: 83%, P Ͻ 0.01) dephosphorylation and PDHa [ϳ200% in both genotypes (P Ͻ 0.01)]. Compared with WT, PDH dephosphorylation and activation was markedly enhanced in the ␣2KO mice both at rest and during exercise. The increased PDHa activity during exercise was associated with elevated glycolytic flux, and muscles from the ␣2KO mice displayed marked lactate accumulation and deranged energy homeostasis. Whereas mitochondrial DNA content was normal, the expression of several mitochondrial proteins was significantly decreased in muscle of ␣2KO mice. In isolated resting EDL muscles, activation of AMPK signaling by AICAR did not change PDH-E1␣ phosphorylation in either genotype. PDH is activated in mouse skeletal muscle in response to exercise and is independent of AMPK␣2 expression. During exercise, ␣2KO muscles display deranged energy homeostasis despite enhanced glycolytic flux and PDHa activity. This may be linked to decreased mitochondrial oxidative capacity.
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adenosine 5Ј-monophosphate-activated protein kinase; 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside; treadmill running; glucose metabolism THE PYRUVATE DEHYDROGENASE (PDH) COMPLEX (PDC) is a mitochondrial enzyme that catalyzes the irreversible conversion of pyruvate to acetyl-CoA and entry of carbohydrate-derived substrate into the citric acid cycle for oxidation. Therefore, it is a key regulator of carbohydrate metabolism in cells. PDC consists of several copies of three catalytic proteins denoted E 1 , E 2 , and E 3 , where the PDH activity in the active form (PDH a activity) is associated with the E 1 subunit, also denoted PDH. PDH is composed of two ␣-and two ␤-subunits (14) , and the PDH activity is regulated by phosphorylation and dephosphorylation on three specific serine residues on the E 1 ␣ subunit (25, 32) . In skeletal muscle, PDH is inactivated by phosphorylation of site 1 and site 2 (15) , the level of which is regulated by PDH kinases (PDK1-4) and PDH phosphatases (PDP1/2). A range of allosteric factors modulates the action of the upstream kinases and phosphatases (reviewed in Refs. 14 and 31). PKC␦ was recently shown (5) to translocate to the mitochondrion, and phosphorylation/activation of PDP led to dephosphorylation and activation of PDH. These observations introduce an unexplored field of PDH regulation by covalent modification of upstream regulators by classical signaling components of the cells.
AMPK is involved in regulating various aspects of glucose metabolism in skeletal muscles (reviewed in Ref. 16 ). Whereas genetic evidence firmly establishes the involvement of AMPK in this respect for glucose transport and regulation of glycogen synthase activity, no such evidence has been provided for glucose oxidation. However, recent studies suggest an association between AMPK and PDH and/or glucose oxidation in skeletal muscle, i.e., 1) pharmacological activation of AMPK results in increased PDH a and glucose oxidation in resting rat soleus muscle (29) , and 2) genetic manipulation of the ␥3 regulatory subunit of AMPK in mice results in altered skeletal muscle glucose oxidation (2, 3) . Together, these findings suggest that AMPK may regulate glucose oxidation by regulating the activity of PDH via regulation of upstream PDKs and/or PDPs.
Skeletal muscle expresses by far more AMPK heterotrimers containing the ␣ 2 catalytic subunit than the AMPK␣1 subunit, and a range of metabolic events is, at least in resting muscle, regulated through this isoform of AMPK (20) . Exercise is a potent stimulus for both AMPK (37) and PDH regulation (35) , and we therefore investigated whether knockout of the catalytic AMPK␣2 isoform affected the activation of PDH in mouse skeletal muscle at rest as well as during treadmill running. (34) mice (4 -5 mo old) used were littermates produced by intercross breeding with the use of heterozygote parent animals. The mice were housed in a 10:14-h light-dark cycle and received standard rodent chow.
RESEARCH DESIGN AND METHODS

Animals
Treadmill running. To determine the role of in vivo AMPK activation on PDH activity, fed male WT and ␣ 2KO mice were subjected to a 10-min treadmill run (22 m/min, incline 23°). Immediately after cessation of exercise the mice were killed by cervical dislocation, and quadriceps muscles were freeze-clamped in situ using precooled (liquid N 2) aluminum tongs and stored at Ϫ80°C until being processed further. Prior to the experiment, all mice were accustomed to the treadmill by being run for 3 consecutive days at increasing intensity and duration. The experiment was performed 2 days after the last familiarization session.
In vitro incubation. To determine the effect of pharmacological activation of AMPK, extensor digitorum longus (EDL) muscles from fed male WT and ␣ 2KO mice were incubated ex vivo with 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR; Toronto Research Chemicals, Toronto, ON, Canada) for 60 min, as described previously (33) . Muscles were quickly removed from anesthetized mice (6 mg/100 g body wt pentobarbital) and suspended by ligatures at 4 -5 mN in incubation chambers (multimyograph system; Danish Myo-Technology, Aarhus, Denmark) in medium containing Krebs-Henseleit buffer (118.5 mM NaCl, 24.7 mM NaHCO 3, 4.74 mM KCl, 1.18 mM MgSO 3, 1.18 KH2PO4, 2.5 CaCl2, pH 7.4). The medium was kept at 30°C and gassed with 95% O2-5% CO2. The muscles were incubated for 10 min in medium without AICAR, followed by 60 min of incubation in medium without or with 2 mM of AICAR. These experiments were performed both in the presence and absence of 10 mM glucose. Immediately after the incubation procedure, muscles were blotted on filter paper and freeze-clamped using aluminum tongs precooled in liquid N2.
Muscle lysate/homogenate preparation. Muscles were homogenized (1:15 wet wt/vol) in ice-cold buffer A [50 mM HEPES (pH 7.4) 10% glycerol, 20 mM Na pyrophosphate, 150 mM NaCl, 1% NP-40, 20 mM ␤-glycerophosphate, 10 mM NaF, 1 mM EDTA, 1 mM EGTA, 2 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, 2 mM Na3VO4, 3 mM benzamidine] for 20 s (PT 3100; Kinematica). Homogenates were rotated end over end for 1 h at 4°C. Aliquots of homogenate were stored for muscle glycogen determination. Muscle lysates were generated by centrifugation at 17,500 g for 20 min at 4°C. Supernatant (lysate) was frozen in liquid nitrogen and stored at Ϫ80°C. Total protein content in homogenates and lysates was measured by the bicinchoninic acid method (Pierce).
SDS-PAGE. Muscle lysate proteins were separated by SDS-PAGE (7.5 or 10% Tris ⅐ HCl gels, Criterion; Bio-Rad) and transferred to PVDF membranes (Immobilon Transfer Membrane; Millipore) by semidry transfer. After being blocked in Tris-buffered salineTween 20 (TBS-T) containing 2% low-fat milk protein for 1 h at room temperature, membranes were incubated with primary antibody overnight at 4°C, washed for 5 min in TBS-T, and incubated 1 h at room temperature with secondary HRP-conjugated antibody (DAKO). Membranes were washed for 30 min in TBS-T, and bands were visualized using chemiluminescence (Millipore) and Kodak Image Station (2000MM; Kodak). The bands were quantified using Kodak MI software, and results were expressed relative to control samples loaded on each gel.
Western blotting. Phosphorylation of AMPK␣ (Thr 172 ) and acetylCoA carboxylase (ACC)␤ (Ser 227 ) was determined using phosphospecific antibodies (Cell Signaling Technology and Upstate Biotechnologies, respectively). PDH-E1␣ subunit protein expression and phosphorylation were determined using three polyclonal antibodies against the human PDH-E1␣ subunit as described (26) AMPK activity. Isoform-specific AMPK␣ activity was determined by sequential immunoprecipitation of ␣ 2, then ␣1, from 200 g of muscle lysate protein, as described previously (4, 40) , using the AMARA peptide (AMARAASAAALARRR) as substrate (200 M) (10) .
PDH a. The PDHa activity was determined as previously described (6, 8, 28) , except that the muscles were homogenized in buffer A. Briefly, 20 l of muscle homogenates was used for assaying the PDH a activity. The specific activity was related to PDH-E1␣ protein content in the muscle sample.
Muscle glycogen. Muscle glycogen content was determined as glycosyl units after acid hydrolysis (21) using 400 g of muscle homogenate protein.
Muscle lactate, adenosine nucleotides, creatine, and phosphocreatine. Fifteen to 20 mg wet wt of muscle was extracted with 3 M PCA and neutralized with KHCO 3. Muscle lactate, creatine (Cr), phosphocreatine (PCr), and ATP concentrations were determined fluorometrically, as previously described (21) . Estimation of free ADP and AMP concentrations was based on the near-equilibrium nature of the Cr phosphokinase and adenylate kinase reactions using the equilibrium constants 1.66 ϫ 10 9 and 1.05, respectively (19) . Free ADP was estimated from the measured ATP, Cr, and PCr and H ϩ content. The H ϩ concentration was estimated from the lactate content as previously described (22) .
DNA extraction. DNA was extracted from 20 -25 mg of quadriceps muscle from ␣ 2KO and WT mice. Muscles were incubated overnight at 50°C in digestion buffer (100 mM NaCl, 10 mM Tris ⅐ HCl, pH 8.0, 25 mM EDTA, pH 8.0, 0.25% SDS) containing 0.27 mg/ml proteinase K (Roche). The DNA was extracted using phenol-chloroform-isoamyl OH (Invitrogen) extraction and precipitated for 2 h at Ϫ20°C in 3 M NaOAc and 100% ethanol. The DNA was washed twice in 70% ice-cold ethanol, all ethanol was removed by vacuum drying, and the DNA was resuspended in sterile-filtered ddH 2O .
Mitochondrial DNA/nuclear DNA ratio. For each DNA extract, the nuclear gene for mouse cytochrome c oxidase Vb (COX-Vb) subunit and the mitochondrial gene for mouse cytochrome c oxidase I (COX-I) subunit were quantified separately using realtime PCR (ABI Prism 7900 Sequence Detection System; Applied Biosystems) to yield the mitochondrial (mt)DNA/nuclear (n)DNA ratio (9) . Forward (FP) and reverse (RP) primers and TaqMan probes were designed and optimized for the PCR reaction as described previously (27) . The oligos used for amplification of a segment of COX-Vb were FP: 5ЈAATCTAGTCCCATCCAT-CAGCAA3Ј; RP: 5ЈGCAGCCAAAACCAGATGACA3Ј; probe: 5Ј-Fam-TTGTCCTCTTCACAGATGCAGCCCA-Tamra-3Ј and of COX-I were FP: 5ЈTGCAACCCTACACGGAGGTAATA3Ј; RP: 5ЈATGTATCGTGAAGCACGATGTCA-3Ј; probe: 5Ј-Fam-TCTAACCGGAATTGTTTTATCCAACTCATCCC-Tamra-3Ј. The PCR amplifications were performed in triplicates in a total reaction volume of 10 l, as described (27) .
Statistics. Data are presented as means Ϯ SE. Two-way analysis of variance with repeated or nonrepeated measures or t-tests was applied when appropriate to evaluate the effect of treadmill running and AICAR incubation in ␣ 2KO and WT animals. When significant interactions were observed, Tukey's post hoc test was used to locate differences. Differences were considered significant at P Ͻ 0.05.
RESULTS
Treadmill running. All mice completed 10 min of treadmill running at a high-exercise intensity (22 m/min, incline of 23°). This resulted in an increased AMPK␣2 activity (by 110% compared with rest) and an unchanged AMPK␣1 activity in quadriceps muscles of WT mice (Fig. 1, A and B) . AMPK␣2 activity was undetectable in quadriceps muscles from ␣ 2 KO mice. A normal AMPK␣1 activity was seen at rest but was, in contrast to WT, increased significantly by exercise (by 90% compared with rest) in quadriceps muscles of the ␣ 2 KO mice. Absence of the AMPK␣2 subunit led to a marked reduction in AMPK␣ phosphorylation at rest and during exercise (ϳ13% of WT level), supporting the view that AMPK␣2 activity contributes the majority of overall AMPK␣ phosphorylation in skeletal muscle (Fig. 1C) . And yet the AMPK␣1 activation in the ␣ 2 KO mice during exercise seems to compensate for the lack of AMPK␣2 activity, leading to a near-similar phosphorylation of Ser 227 of ACC␤ in the WT and ␣ 2 KO mice (Fig. 1D) . We have developed phosphospecific antibodies recognizing PDH-E 1 ␣ site 1 or site 2 when phosphorylated only (26) . Phosphorylation on both of these sites decreased significantly in quadriceps muscle of ␣ 2 KO mice, whereas in WT mice only PDH-E 1 ␣ site 1 phosphorylation decreased in response to exercise (Fig. 2, A and B) . The level of PDH-E 1 ␣ site 1 and site 2 phosphorylation in quadriceps muscles was significantly lower after exercise in ␣ 2 KO than WT mice. The dephosphorylation of PDH-E 1 ␣ in response to exercise was associated with a similar fold increase in PDH a activity in WT and ␣ 2 KO (Fig. 2D ) but reached higher levels in the ␣ 2 KO mice. The genotype differences in degree of PDH-E 1 ␣ dephosphorylation was in line with a significantly higher PDH a activity in muscles of ␣ 2 KO both at rest and after exercise (by 210 and 190%, respectively, compared with WT levels). As expected (26), a significant strong negative exponential association existed between PDH a activity and both PDH-E 1 ␣ site 1 and site 2 phosphorylation (r 2 ϭ 0.54 and r 2 ϭ 0.46, respectively; both n ϭ 39, P Ͻ 0.0001).
Muscle glycogen content decreased significantly in response to treadmill running in quadriceps muscles of both WT and ␣ 2 KO mice (Fig. 3A) . The glycogen content was significantly lower in the ␣ 2 KO than in the WT mice both at basal (ϳ19%) and after exercise (ϳ66%) (Fig. 3A) . Muscle lactate accumulated during treadmill running in quadriceps muscles of both WT (P ϭ 0.056) and ␣ 2 KO mice (P Ͻ 0.01) ( Table 1) . However, the lactate content increased significantly more with exercise in the muscle of ␣ 2 KO mice, reaching levels ϳ200% higher than in WT.
The data above indicate an elevated glycogenolysis during exercise in muscles of ␣ 2 KO mice. Thus, we obtained measures of energy status of the muscles. At rest, no differences were apparent between WT and ␣ 2 KO quadriceps muscles with respect to Cr, PCr, and ATP, leading to a similar level of estimated free AMP (AMP f ). In response to the intense exercise protocol, ATP levels decreased significantly, by ϳ20%, in both genotypes (Table 1) . However, the decline in PCr was markedly enhanced (ϳ100%) in the muscles of the ␣ 2 KO compared with the WT, and this was accompanied by a significant rise in Cr content in the ␣ 2 KO muscles only. These changes led to more marked disturbances in both the PCr-tototal Cr and AMP f -to-ATP ratios in the ␣ 2 KO than in the WT muscles (Fig. 3, B and C) .
Protein expression of PDH-E 1 ␣ was reduced by 20% in ␣ 2 KO compared with WT mice (Fig. 4) . In line, other protein markers of the mitochondria showed decreased expression or activity. Thus, cytochrome c protein expression (0.62 Ϯ 0.02 vs. 0.44 Ϯ 0.02, P Ͻ 0.01) and the maximal activity of both citrate synthase (293.1 Ϯ 8.5 vs. 243.4 Ϯ 3.8 mol⅐mg protein Ϫ1 ⅐min
Ϫ1
, P Ͻ 0.01) and 3-hydroxyacyl-CoA-dehydrogenase (371.5 Ϯ 10.5 vs. 302.2 Ϯ 12.1 mol⅐mg protein Ϫ1 ⅐min
, P Ͻ 0.01) were lower in quadriceps muscle of the ␣ 2 KO than in the WT mice. To obtain an mtDNA/nDNA ratio, we quantified the amount of the mitochondrial-encoded COX-I gene and the nuclear-encoded COX-Vb gene to yield a mtDNA/nDNA ratio (9) . No differences were detected in the mtDNA/nDNA ratio between quadriceps muscles of ␣ 2 KO and WT mice, indicating a decreased quality rather than number of the mitochondria in the ␣ 2 KO muscles.
Although the above data do not support AMPK signaling as a major player in exercise-induced PDH regulation, previous results in rat soleus muscles (29) have suggested that pharmacological AMPK activation by AICAR is sufficient to increase PDH activity and glucose oxidation. To test this in our model, we isolated and incubated EDL muscle from ␣ 2 KO and WT littermates for 60 min with 2 mM AICAR. AMPK and ACC␤ were phosphorylated in response to AICAR as seen previously (data not shown) (33) , but there were no differences in PDH-E 1 ␣ phosphorylation with AICAR (data not shown). Because the previous study in rat soleus muscles included incubation in medium containing glucose, we reevaluated the effect of AICAR in EDL muscle during incubation with 10 mM glucose. As expected, we found an increase in AMPK phosphorylation in response to AICAR in ␣ 2 KO and WT mice (both Ͼ200% increase compared with basal, P Ͻ 0.01), but the overall level of AMPK phosphorylation was significantly lower in ␣ 2 KO than in WT mice (Fig. 5, A and B) . The ACC␤ phosphorylation increased in WT and ␣ 2 KO mice (P Ͻ 0.01) in response to AICAR, but the level of phosphorylation was lower in ␣ 2 KO mice than in WT mice both at rest and during exercise (P Ͻ 0.01) (Fig. 5B) . However, the PDH-E 1 ␣ site 1 and site 2 phosphorylation relative to total PDH-E 1 ␣ protein remained unchanged in response to AICAR in both genotypes (Fig. 5, C and D) . Similar observations were made in mouse soleus muscle (data not shown). The lack of response was not due to a nonfunctional PDH system, as isolated EDL muscles from ␣ 2 KO and WT mice stimulated to contract by electrical stimulation displayed a marked dephosphorylation of both PDH-E 1 ␣ site 1 and site 2 (Ͻ30% of resting levels).
DISCUSSION
The study shows that PDH is dephosphorylated and activated in response to exercise in mouse skeletal muscle and that this activation is independent of AMPK␣2. In addition, pharmacological activation of AMPK by AICAR is not sufficient to activate PDH in nonmetabolically challenged mouse skeletal muscle. The more disturbed energy homeostasis during exercise in the absence of AMPK␣2 is likely the explanation for an enhanced upregulation of PDH activity.
PDH regulates entry of pyruvate into the mitochondrion, and the protein complex is central in regulating glucose oxidation. AMPK is an important energy sensor of the cell and activates a range of metabolic processes seeking to restore energy homeostasis upon disturbances (reviewed in Ref. 16 ). We hypothesized that PDH is targeted by AMPK-mediated signaling on ths basis of several observations showing that manipulation of AMPK expression or activity modulates glucose oxidation and/or PDH activity. For example, after in vivo swimming exercise, the lack of AMPK␥3 protein leads to decreased glucose oxidation (3), and treatment of isolated split rat soleus muscle with AICAR increases glucose oxidation and PDH activity (29) . The data from the present study, however, suggest that such changes in glucose oxidation during exercise are not a direct effect of altered AMPK signaling toward PDH. Also, our data suggest that, in resting skeletal muscle, increased AMPK signaling is not sufficient to induce PDH dephosphorylation. We evaluated the possibility of species differences by performing analysis on rat hindlimb muscles perfused with AICAR (2 mM, 40 min) as previously described (38). However, AICAR did not induce changes in PDH phosphorylation in either soleus or white or red portions of the gastrocnemius muscle (Klein DK, Jørgensen SB, Richter EA, and Wojtaszewski JFP, unpublished observations). Due to limited tissue availability, regulation of PDH in the perfused rat muscles as well as in the isolated mouse muscles was assessed by phosphorylation only. We cannot exclude the possibility that AICAR regulates PDH a activity by mechanisms unrelated to phosphorylation on site 1 and site 2 in rat skeletal muscle. However, we consider it unlikely 1) because data indicate these two sites as the main regulatory sites for PDH a in skeletal muscle (32) and 2) because of the tight association between activity and phosphorylation (both site 1 and site 2) of PDH in both mouse (present study) and human muscles (26) . Furthermore, Collier et al. (7) reported that AMPK could be activated pharmacologically without an increase in glucose oxidation, and, although they did not measure regulation of PDH, these observations further support the present findings.
On the basis of amino acid sequence analyses of both mouse and human PDH-E 1 ␣, PDP1-2, and PDK1-4, all proteins contain one or more potential phosphorylation sites recognized Values are means Ϯ SE; n ϭ 10. Cr, creatine; PCr, phosphocreatine; WT, wild type; ␣2KO, 5Ј-AMP-activated protein kinase-␣2 knockout; ADPf, free ADP; AMPf, free AMP. * and **Effect of exercise (P Ͻ 0.05 and 0.01, respectively); †main effect of genotype (P Ͻ 0.05); ##different from exercise within WT (P Ͻ 0.01); a tendency P ϭ 0.056.
by AMPK as defined by the recognition motif [(X,R/K/ H)XXS/TXXX] (10). Yet within the cell, AMPK likely needs to be located in the mitochondrial matrix to induce such phosphorylation, and sequence analyses (12) reveal that, except for the short form of the mouse AMPK␥2, none of the isoforms contains a mitochondrial import signal sequence. This information is in line with pilot analyses performed on partial purified mitochondrial preparations from rat skeletal muscle in which neither AMPK␣1 nor -␣2 was found (unpublished observations). So if AMPK was to be a regulator of PDH a activity through changes in PDH phosphorylation, this probably has to be indirect. Despite maintained ability to regulate PDH activity and glucose uptake, the muscle of the ␣ 2 KO mouse displayed marked disturbances in energy homeostasis, perhaps due to disturbances in fuel systems other than those involved in glucose metabolism. Although the exercise regimen performed was strenuous and normally would rely on carbohydrate metabolism, it is possible that diminished fat oxidation caused by lack of normal AMPK signaling is a factor in the deranged energy homeostasis observed in these mice. The elevated glycogenolysis and lactate accumulation seen in these mice may thus be compensatory events attempting to normalize the energy homeostasis, potentially brought about by allosteric activation of glycogen phosphorylase, phosphofructokinase, and PDH due to the elevated AMP/ADP levels.
In the present study we did consider the possibility that lack of the AMPK␣2 catalytic subunit may disturb the mitochondrial biogenesis (41) , leading to decreased oxidative capacity. We found reduced mitochondrial protein expression (PDH, cytochrome c) and reduced maximal activities of 3-hydroxyacyl-CoAdehydrogenase and citrate synthase in the quadriceps muscles of ␣ 2 KO mice. These observations extend our previous observations in gastrocnemius muscle of this mouse strain (17) . The unaltered mtDNA/nDNA ratio suggests that the quality/function of the mitochondrion, rather than the number of mitochondria per se, is reduced in the ␣ 2 KO mouse. In support of this view, mitochondrial function, but not content, was recently reported (1) to be impaired in cardiac muscle of these mice.
In the ␣ 2 KO model, AMPK␣1 protein expression is increased (18) and during exercise AMPK␣1 activity is enhanced in ␣ 2 KO mice. Thus, the present study does not provide direct evidence to exclude the possibility that AMPK␣1 is a player in PDH regulation during treadmill running. However, we do not consider this a likely scenario because the higher PDH a activity observed in ␣ 2 KO muscle in the basal state was not accompanied by higher AMPK␣1 activity, and therefore, other factors must regulate the PDH a .
The AMPK␣2 gene knockout is whole body, and the disarranged energy homeostasis during exercise in vivo could be due to extramuscular factors, forcing the cells to rely more on intramuscular substrate as fuel and thereby increasing the depletion of internal fuel stores during exercise. Further studies need to address this issue. However, the observation that the ex vivo contraction capacity is also reduced in mice overexpressing AMPK kinase-dead constructs specifically in muscle (13, 24) suggests that such whole body defects are not the only explanation.
The hypothesis tested in the present study was based on the observation that AICAR increased PDH a activity at rest in isolated rat muscle (29) . However, the observation that exercise-induced PDH activity on the contrary was higher when AMPK␣2 was lacking indicates that AMPK could be a potential inhibitor of PDH. Such a scenario could be in play, balancing the regulation of fat and glucose oxidation. In fact, the initial marked elevation in PDH a activity during exercise is diminished late during prolonged exercise (23, 26, 36) , and this is associated with increased AMPK activity (39) , suggesting a role of AMPK in downregulating PDH a activity during exercise. Still, a range of uncertainties exist; e.g., why is AICAR treatment in resting muscle unable to regulate PDH, and through which effectors does the cytosolic AMPK regulate the mitochondrial PDH or its nearest upstream regulators? Ca 2ϩ has been described as a powerful signal for PDH activation (30) and may function as a feed-forward signal for PDH activation during exercise. Ca 2ϩ activates the Ca 2ϩ -sensitive PDH phosphatase (PDP1) when released from the sarcoplasmatic reticulum upon depolarization (25) . So far, we do not have evidence to suggest an altered Ca 2ϩ homeostasis in muscles of the ␣ 2 KO mice; however, it is possible that the marked energy disturbances observed during exercise in AMPK␣2 KO mice may also interfere with sarcoplasmic reticulum Ca 2ϩ reuptake during relaxation, leading to elevated Ca 2ϩ levels and, hence, increased PDP and PDH activities. In line, pyruvate and the ATP-to-ADP ratio are allosteric modulators of PDK activity (reviewed in Ref. 11) , and thus the increased ADP-to-ATP ratio in ␣ 2 KO muscles may induce a diminished activation of PDKs compared with WT mice during exercise.
Finally, it should be noted that phosphorylation of ACC␤ is increased normally during in vivo exercise (present study) in muscles of the AMPK␣2 KO mouse. Similarly, AMPK␣2-independent regulation of ACC␤ has been reported during electrical stimulation in ex vivo incubated EDL muscles (18) . Thus, during muscle contractile activity regulation of ACC␤ phosphorylation is not dependent on AMPK␣2, whereas the induction of phosphorylation by AICAR is fully AMPK␣2 dependent (18) . Whether this relates to a more severe activation of the remaining AMPK␣1 during exercise/contractions than during AICAR treatment or whether signals unrelated to AMPK are involved in ACC regulation during exercise remains to be resolved.
In conclusion, PDH is dephosphorylated and activated in mouse skeletal muscle in response to treadmill running. A functional AMPK␣2 subunit is not necessary for this regulation. Therefore, we conclude that AMPK does not directly regulate PDH phosphorylation and activity in murine skeletal muscle. However, lack of AMPK␣2 leads to increased PDH activity both at rest and during exercise, and AMPK may therefore indirectly influence PDH a activity, likely due to deranged energy homeostasis.
